INTRODUCTION
Power t r a n s m i t t i n g or speed changing d r i v e s a r e n o t t h e o n l y a p p l i c a t i o n w h i c h can b e n e f l t from t r a c t i o n t o r q u e t r a n s f e r . There i s a l a r g e c l a s s o f
p o s i t i o n o r i e n t i n g mechanisms f o r which t h e zero backlash, low t o r q u e r i p p l e and h i g h t o r s i o n a l s t i f f n e s s c h a r a c t e r i s t i c s o f t r a c t i o n c o n t a c t s I

I
W h i l e t h e t r a n s m i t t e d power l e v e l s i n p o s i t i o n i n g -t y p e mechanisms a r e t y p i c a l l y low due t o t h e l o w speed or s t a r t -s t o p n a t u r e o f t h e s e mechanisms, t h e peak t r a n s m i t t e d t o r q u e and r e q u i r e d f o r c e a r e o f t e n h i g h . N e v e r t h e l e s s , t r a c t i o n d r i v e c o n t a c t s Can be reasonably s i z e d s i n c e a t these l o w speeds t h e b u i l d u p o f f a t i g u e s t r e s s c y c l e s i s l o w and t h e a v a i l a b l e t r a c t i o n c o e f f i c i e n t i s h l g h . I d e a l l y , t h e mechanism whether made up o f t r a c t i o n elements or n o t , should operate smoothly under l o a d when m o t i o n i s r e q u i r e d . Furthermore, h y s t e r e s i s , breakaway t o r q u e and b a c k l a s h should be a t an a b s o l u t e minimum w h i l e maximizing t o r s i o n a l s t i f f n e s s between t h e d r i v i n g and t h e d r i v e n element. The requirement f o r z e r o b a c k l a s h and h i g h s t i f f n e s s i s obvious f r o m a c o n t r o l p o i n t o f view s i n c e a d i r e c t , c o n t i n u o u s , h a r d " l i n k " between o u t p u t and i n p u t m o t i o n i s most d e s l r a b l e . T r a c t i o n d r i v e s a r e p a r t i c u l a r l y w e l l s u i t e d t o s a t i s f y t h e s e requirements. Smooth r o l l e r s i n d r i v i n g c o n t a c t a v o i d t h e meshlng e r r o r s and t o r q u e d i s c o n t i n u i t i e s o f gear mechanisms as t h e l o a d i s passed between meshi n g t e e t h . S i m i l a r l y , t r a c t i o n d r i v e r o l l e r s a r e always i n d r i v i n g c o n t a c t
r e g a r d l e s s o f d i r e c t i o n of t a n g e n t i a l l o a d i n g . Thus b a c k l a s h i s precluded.
The p r i n c i p a l purpose o f t h i s i n v e s t i g a t i o n i s t o a n a l y t i c a l l y model t h e t o r s i o n a l s t i f f n e s s c h a r a c t e r i s t i c s o f a t r a c t i o n d r i v e c o n t a c t and t o compare p r e d i c t e d t o r s i o n a l s t i f f n e s s values t o t h o s e determined e x p e r i m e n t a l l y f o r a complete t r a c t i o n d r i v e system. t h o s e o f e q u i v a l e n t l y s l z e d , t r a c t i o n r o l l e r p a l r s a r e a l s o made.
Comparisons between g e a r s e t s t i f f n e s s e s and complete e l l i p t i c I n t e g r a l o f second k i n d , argument k complete e l l i p t i c i n t e g r a l o f second k i n d , argument kl complete e l l i p t i c I n t e g r a l of f i r s t k i n d , argument k complete e l l i p t i c i n t e g r a l of f i r s t k i n d , argument kl t a n g e n t i a l f o r c e a p p l l e d e l l i p t i c i n t e g r a l argument, ( 1 -b /a ) 2 2 1/2 e l l i p t i c i n t e g r a l argument, ( 1 -a /b ) t o r s i o n a l s t i f f n e s s , N.m/rad ( I n . l b f / r a d ) l e n g t h o f s h a f t , m ( i n . ) c o n t a c t normal load, N ( l b f ) c o n s t a n t e f f e c t l v e r a d l u s o f c u r v a t u r e , m ( i n . ) r o l l i n g o r t r a n s v e r s e r a d i u s , m ( i n . ) ANALYSIS T a n g e n t i a l Force on Concentrated Contact
When two e l a s t i c b o d i e s a r e b r o u g h t i n t o c o n t a c t and loaded under a system o f f o r c e s , d e f l e c t i o n s occur. When t h e l o a d i s a normal f o r c e , t h e d e f o r m a t i o n and c o n t a c t area a r e g i v e n by t h e c l a s s i c a l t h e o r y o f H e r t z . A d d i t i o n o f a t a n g e n t i a l f o r c e produces a r e l a t i v e d e f l e c t i o n o f t h e b o d i e s i n t h e t a n g e n t i a l d i r e c t i o n . A m a g n i f i e d view o f t h e c o n t a c t under t h e s e c o n d i t i o n s i s shown i n F i g . 1. I f t h e bodies a r e r o l l e r s o r b a l l s w h i c h a r e a l l o w e d t o r o t a t e under these f o r c e s , f r e s h u n s t r a i n e d m a t e r i a l passes t h r o u g h t h e e f f e c t i v e c o n t a c t r e g i o n w h i c h increases t h e r e l a t l v e displacement o f t h e b o d i e s . Previous n u m e r i c a l and a n a l y t i c a l s o l u t i o n s a r e reviewed i n [ 5 ] . To s e t t h e ground work f o r t h e approach adopted here, a b r i e f o v e r v i e w o f t h e t h e o r y and p r i o r s o l u t i o n s t o t h i s problem w i l l be g i v e n . F i r s t , t h e case o f d r y c o n t a c t s w i l l be addressed.
The problem i s t r e a t e d as a boundary v a l u e problem i n e l a s t i c i t y . The terms, t h e f i r s t c o n s t r a i n t i s t h a t t h e a d d i t i o n o f a t a n g e n t i a l f o r c e t o t h e c o n t a c t does n o t a l t e r t h e H e r t z i a n normal p r e s s u r e d i s t r i b u t i o n . Secondly, a l l o f t h e assumptions i n h e r e n t t o t h e H e r t z i a n s o l u t i o n a r e r e t a i n e d , i n c l u di n g nonwarping o f t h e c o n t a c t surface, bodies n o t t o o c l o s e l y conforming i n t h e c o n t a c t area, body r a d i i l a r g e i n comparison w i t h c o n t a c t dimensions, and l l k e e l a s t l c p r o p e r t i e s o f athe two bodies. T h i r d l y , t h e c o n t a c t r e g i o n i s d i v i d e d i n t o two zones: one w i t h " m i c r o s l i p " or r e l a t i v e m o t i o n between t h e m a t i n g s u r f a c e s , and one where t h e two s u r f a c e s a r e " l o c k e d " t o g e t h e r . I n t h e s l i p r e g i o n , t h e a p p l i e d shear s t r e s s ( t r a c t i o n f o r c e p e r u n i t area) i s assumed t o reach i t s l i m i t i n g value, p r o p o r t i o n a l t o a c o n s t a n t t r a c t i o n c o e f f i c i e n t , p , t i m e s t h e l o c a l normal p r e s s u r e i n accordance w i t h Coulombic f i c t i o n . W i t h i n t h e l o c k e d r e g i o n , t h e a p p l i e d shear s t r e s s I s l e s s t h a n p times t h e normal p r e s s u r e . O u t s i d e o f t h e H e r t z i a n c o n t a c t area, t r a c t i o n i s zero. The l o c a l d e f l e c t i o n o f a p o i n t on t h e s u r f a c e w l t h r e s p e c t a d i s t a n t p o i n t i n t h e body i s c o n s t a n t over t h e l o c k e d r e g i o n , and v a r i e s over t h e s l i p r e g l o n and o u ts i d e t h e c o n t a c t area. Far away f r o m t h e c o n t a c t , t h e s t r a i n i s zero.
I n s l m p l l f i e d These c o n s i d e r a t i o n s a p p l y e q u a l l y t o t h e two cases o f i n t e r e s t : s t a t i c l o a d i n g , and r o l l i n g under an a p p l i e d t a n g e n t i a l l o a d . H i s t o r i c a l l y , t h e t a n g e n t i a l d e f l e c t i o n problem o f a r o l l i n g c o n t a c t under t a n g e n t i a l l o a d has r e c e i v e d g r e a t e r a t t e n t i o n [7, 12] .
viewed f r o m a s t a t i o n a r y c o o r d i n a t e system w i t h t h e o r i g i n a t t h e c e n t e r o f c o n t a c t . M a t e r i a l of each c o n t a c t i n g body f l o w s t h r o u g h t h e c o n t a c t r e g i o n
Deformation i n a steady r o l l i n g c o n t a c t i s under a s t r a i n f i e l d which i s i n v a r i a n t w i t h t i m e . The s t a t i c case, which i s s t a t i c o n l y i n t h e sense t h e r e i s no r o l l i n g ( f o r c e s and d e f l e c t i o n can v a r y w i t h t i m e ) has been t r e a t e d by I t s e l f [6, 13, 16] . However, l i t t l e work has been conducted f o r t h e llstart-upll c o n d i t i o n which r e p r e s e n t s t h e t r a n s i t i o n between t h e s t a t i c c o n d i t i o n and r o l l i n g [17, 18] . 
I n t h e c l a s s i c a l , e l a s t i c s o l u t i o n of t h e s t a t i c case [6,16], t h e r e s u l t i n g l o c k e d r e g i o n i s ( f o r e l l i p t i c a l c o n t a c t s ) an e l l i p s e , s m a l l e r t h a n and s i m i l a r i n shape t o t h e c o n t a c t e l l i p s e , F i g . 2 ( c ) . The reason f o r t h i s can be seen I n F i g . 2 ( a ) . S i n c e t h e i n f i n i t e t r a c t i o n a t t h e c o n t a c t boundary cannot be s u s t a i n e d , s l i p b e g i n s a t t h e boundary, and Progresses inward as t h e a p p l i e d t a n g e n t i a l f o r c e i s I n c r e a s e d . For steady r o l l i n g c o n t a c t s , i t I s g e n e r a l l y accepted [ 4 , 5 ] t h a t t h e l o c k e d r e g i o n e x i s t s a t t h e l e a d
However, t h e e x a c t
[ l o ] i n d l c a t e t h a t ng edge o f t h e c o n t a c t w i t h r e s p e c t t o t h e rol shape has been s u b j e c t t o debate. Experimenta t h e most l i k e l y shape i s s i m i l a r t o t h a t shown
T a n g e n t i a l Displacement S t a t i c l o a d l n g . -For two c o n t a c t i n g bodies under normal and i n g m o t i o n .
t a n g e n t i a l l o a d i n g , t h e t a n g e n t i a l s u r f a c e d e f l e c t i o n , 6, o f t h e l o c k e d c o n t a c t i n g r e g l o n o f one body w l t h r e s p e c t t o p o i n t s d i s t a n t i n t h a t same body i s g i v e n by [ 1 6 ] .
where The complete e l l i p t i c a l I n t e g r a l s a r e d e f i n e d :
The values of $ and 8 can be determined f r o m t a b l e s , or by u s i n g t h e s i m p l i f i e d , c u r v e -f i t t e d e q u a t i o n s f r o m E191 summarized i n t h e Appendix. where a ' and b ' a r e t h e semidiameters o f t h e l o c k e d e l l i p s e i n t h e y and x d i r e c t i o n s , r e s p e c t i v e l y (161.
t h a t t h e parameter r i s o n l y a f u n c t i o n o f P o i s s o n ' s r a t i o , U, and t h e
For t h e case of a sphere on a f l a t ( a = b), Eq. ( 1 ) was t e s t e d a g a i n s t e x p e r i m e n t a l values o f d [ 1 3 ] .
P
r e d i c t e d d e f l e c t i o n s exceeded measured
values by l e s s t h a n 10 p e r c e n t .
R o l l i n g c o n t a c t . -Two c o n t a c t i n g bodies which a r e r o l l i n g w i t h a n o r m a l l y steady v e l o c i t y and t a n g e n t i a l l o a d w i l l e x p e r i e n c e a small, r e l a t 
i v e v e l o c i t y d i f f e r e n c e known as creep. T h i s v e l o c i t y d i f f e r e n c e I s due t o t h e s t a t e o f e l a s t i c s t r a i n i n t h e s u r f a c e s as t h e r o l l e r m a t e r i a l I s swept t h r o u g h t h e cont a c t r e g i o n . M a t e r i a l i s t a n g e n t i a l l y s t r e t c h e d and compressed, o r v l c e versa, w i t h o u t gross s l l d i n g . Creep i s o f g r e a t e n g i n e e r i n g importance because t h e p r o d u c t o f creep and t a n g e n t i a l f o r c e i s a measure o f t h e power l o s s . O f t h e many t h e o r e t i c a l i n v e s t i g a t i o n s preformed (5,181, one study used p h o t o e l a s t i c techniques t o v e r i f y t h e shape o f t h e l o c k e d r e g i o n i n a tangent i a l l y loaded, r o l l i n g c o n t a c t [ l o ] . An approximate a n a l y t i c a l approach was used i n which an e l l l p t i c a l c o n t a c t I s d i v i d e d i n t o s t r i p s o r i e n t e d p a r a l l e l t o t h e r o l l i n g d i r e c t i o n ( " s t r i p -t h e o r y " ) , t o which t h e l i n e c o n t a c t r e s u l t s o f
Application to Traction Rollers
Application of E q s . ( 1 ) and (11) to traction rollers is complicated by two factors, due to the pivotlng rather than translating action of the contact. Fig. 2(a) ) completely transforms into a steady rolling distribution (Fig. 2(b) ) when the distance rolled is equal to one contact width, 2b. 
------ 
T h i s I s n o t s t r i c t l y c o r r e c t i n comparison w i t h an e x a c t s o l u t i o n due t o t h e d i f f e r i n g shapes and l o c a t i o n s o f t h e l o c k e d a r e a as t h e s t a t i c a l l y s t r a i n e d
c o n t a c t t r a n s f o r m s i n t o t h e r o l l i n g one. However, as w i l l be seen, t h e amount of r o l l i n g I n t r o d u c e d i n t o an o t h e r w i s e s t a t i c c o n t a c t i s n o r m a l l y q u i t e s m a l l , and t h u s should have a s m a l l e f f e c t on c o n t a c t dlsplacement o r compliance.
Other f a c t o r s , such as r o l l e r s i z e or t h e c h o i c e o f a v a l u e for t h e l i m i t i n g t r a c t i o n c o e f f l c i e n t w i l l have a much l a r g e r e f f e c t .
T h i s I s e s p e c i a l l y t r u e f o r t h e zero t o r q u e c r o s s l n g r e g l o n where p o s it i o n i n g rnechanlsms spend t h e b u l k o f t h e i r t i m e " h u n t i n g " f o r p o s i t i o n . 
o n s i s t s of a p a i r of r o l l e r s i n t r a c t i o n c o n t a c t i n which t h e o u t p u t s h a f t of t h e d r i v e n r o l l e r s i s "grounded" through a s h a f t ( o f t o r s i o n a l s t i f f n e s s GJ/L) a t t a c h e d t o f i x e d s t r u c t u r e as shown i n F i g . 5. A s t o r q u e T i s a p p l l e d t o t h e i n p u t r o l l e r , t h e wind up o f t h e s h a f t causes t h e o u t p u t r o l l e r t o r o t a t e
t h r o u g h an a n g l e eo.
t h r o u g h a g r e a t e r a n g l e ec g i v e n by Eq.
( 1 6 ) . T h i s r o l l i n g d e f l e c t i o n i s shown i n F i g . 6, f o r two a r b i t r a r y o u t p u t s h a f t s h a v i n g d i m
e t e r s of 1.4 cm ( 0 . 5 5 i n . ) and 4.4 cm (1.73 i n . ) and a l e n g t h o f 2.5 cm (1.0 i n . ) .
Note t h a t t h e d e f l e c t i o n due t o t h e l a r g e r s h a f t i s b a r e l y a p p a r e n t i n F i g . 6. However as o u t p u t s h a f t wind up i n c r e a s e s w l t h s m a l l e r s h a f t diameter or GJ/L, t h e r o l l i n g d e f l e c t i o n i n c r e a s e s somewhat. Simultaneously, t h e c o n t a c t i s b e i n g s t a t i c a l l y s t r a i n e d by t h e i n c r e a s i n g t o r q u e r e s u l t i n g i n an a d d l t l o n a l a n g l e
Os by s h a f t wind up.
summation o f ec and eS as shown by t h e t o t a l l i n e i n Fig. 6 . I t
IS c l e a r f r o m t h i s example t h a t t h e r o l l i n g d e f l e c t i o n component f o r even an u n u s u a l l y t o r s i o n a l l y s o f t s h a f t ( d = 1 . 4 cm) I s q u i t e small r e l a t i v e t o t h e Because o f r o l l i n g creep t h e i n p u t r o l l e r must move i n accordance w i t h Eq. ( 1 2 ) . This s t a t i c displacement I s n o t a f f e c t e d
The n e t e f f e c t on t h e i n p u t r o l l e r d e f l e c t i o n i s t h e s i m p l e static strain component, as discussed previously. The contact compliance Is simply the slope at any point along the total deflection curve.
Other Considerations
The present analysis pertains to dry contacts. Introduction of lubricant to essentially static or slow turning contacts should have little effect, except on reducing the magnitude of the limiting traction coefficient. This is because the surface traction will still be borne by surface asperities.
However, the analysis is invalid for steady rolling with lubricatlon since the pressure distribution I s no longer Hertzian and the traction distribution Is no longer as assumed but builds with increasing shear as the lubricant film is swept through the contact area [20] . Furthermore, the modulus, G, is some combination o f the film-disc system, though at hlgh pressures on steel discs it is primarily governed by the discs [21] . (12) and ( 1 3 
) can be a d j u s t e d , though n o t t o t a l l y independently. Besides s t i f f n e s s , t h e d e s i g n e r may c o n s i d e r s l z e , weight, f a t i g u e l i f e and e f f i c i e n c y . I n each o f t h e f o u r f i g u r e s which f o l l o w s , o n l y t h e r e l e v a n t v a r i a b l e i s changed w h i l e t h e o t h e r s
a r e h e l d c o n s t a n t .
The e f f e c t o f t a n g e n t i a l f o r c e on t h e r e l a t i v e compllance and d e f l e c t i o n o f a t y p i c a l r o l l e r p a i r a r e p l o t t e d i n F i g . 7. I n t h i s f l g u r e , 100 p e r c e n t corresponds t o t h e s l i p p o i n t . R e l a t i v e d e f l e c t i o n and compllance a r e 
) . i t s compllance a r e n o r m a l l z e d a t e f f e c t on compliance i s t h e same as t h e e f f e c t o f t h a t i n c r e a s i n g normal l o a d causes a s m a l l r e d u c t i o n o f c o n t a c t t o r s i o n a l d e f l e c t i o n t h u s i m p r o v i n g s t i f f n e s s . S i n c e c o n t a c t normal l o a d and a p p l i e d t r a c t i o n f o r c e I n c r e a s e s i m u l t a n e o u s l y I n t r a c t i o n mechanism designs equipped
N = 2Fx/p. l / F x . F i
g u r e 8 shows w i t h an automatic l o a d i n g mechanism, t h e s t i f f n e s s I n c r e a s e due t o normal l o a d tends t o o f f s e t t h e l o s s i n s t i f f n e s s due t o a p p l l e d t o r q u e . Large v a r i a t i o n s i n s t l f f n e s s and d e f l e c t i o n s can be achleved t h r o u g h t h e
c h o i c e o f t h e c o n t a c t geometry. F i g u r e 9 shows t h e e f f e c t o f e l l i p t i c i t y r a t i o on t a n g e n t i a l compliance and d e f l e c t i o n . S i n c e t h e c o n t a c t e l l i p s e dimension ' a ' appears e x p l i c i t l y i n t h e equations, t h e f i g u r e was p l o t t e d by choosing r o l l i n g r a d i i , t h e n v a r y i n g t h e t r a n s v e r s e r a d i i t g produce d i f f e r e n t values o f a and a/b. As shown i n F i g . 9, b o t h d e f l e c t i o n and compllance a r e reduced f o r c o n t a c t s narrow i n t h e d l r e c t i o n o f r o l l i n g .
Another I m p o r t a n t v a r i a b l e i s t h e a v a i l a b l e t r a c t i o n c o e f f l c l e n t , p. The v a l u e o f p i s more dependent on m a t e r l a l and s u r f a c e environment t h a n on geometry. The e f f e c t o f p on t a n g e n t i a l d e f l e c t i o n and compliance i s as shown l n F i g .
I n many s l t u a t l o n s , t h e v a l u e o f p i s n o t p r e c l s e l y known, b u t must be deduced f r o m a v a i l a b l e d a t a on s i m i l a r c o n t a c t c o n d l t l o n s . For a s m a l l change i n assumed p, t h e e f f e c t s a r e s m a l l , as l o n g as t h e a p p l i e d t r a c t l o n f o r c e does n o t cause t h e p o l n t o f g r o s s s l i d l n g t o be approached.
As m i g h t be expected, r o l l e r s i z e has a s t r o n g e f f e c t on t o r s i o n a l s t l f f n e s s .
Consider two s i t u a t i o n s where t h e r a d i u s can be v a r i e d . The f i r s t 1s one where c o n t a c t c o n d i t i o n s
are h e l d c o n s t a n t , ( j . e . , Fx, N and a r e c o n s t a n t ) thus t o r q u e s c a l e s w i t h r a d i u s . E q u a t i o n ( 1 3 ) reduces t o
For c o n s t a n t a/b, t h e c o n t a c t semimajor a x i s a i s r e l a t e d t o N and r by:
( 1 9 ) 1 /3 a = ( N r ) and t h e t r a n s v e r s e r a d i i s c a l e w i t h t h e r o l l i n g r a d i i . S u b s t l t u t i n g Eq. (19) i n t o Eq. ( l a ) , n o t i n g t h a t N i s c o n s t a n t , and r e p l a c i n g " r H w i t h " s i z e " y i e l d s t h e general s i z e -s t i f f n e s s r e l a t i o n s h i p : The energy loss Is repreThese losses which are quite small, steadily increase as the applied torque approaches the torque that will initiate slip. Note that in Fig. 1 1 , the tips 
The r e s u l t s of two t o r q u e sweeps a r e shown i n f i g . 13 . The l o a d i n g i n each case began a t zero torque, was stepped up t o a maximum, then stepped down through zero t o a n e g a t i v e maximum. As can be seen by t h e t r e n d across zero, t h e r e i s no backlash ( i . e . , no d i s c o n t i n u i t y i n t h e displacement/torque c u r v e ) .
A l s o apparent f r o m t h e data i s t h e e x i s t e n c e o f some h y s t e r e s i s .
t h e d a t a as a group, t h e d e f l e c t i o n i s n e a r l y l i n e a r w i t h torque, a t an aver- The components w i t h i n t h e d r i v e which c o n t r i b u t e t o s t i f f n e s s ( o r comp l i a n c e ) were analyzed. The main c o n t r i b u t o r s i n c l u d e d t h e t r a c t l o n c o n t a c t s , p l a n e t r e a c t i o n bearlngs, p l a n e t bearing posts, sun r o l l e r i n p u t s h a f t and t h e s p l i n e used t o f i x t h e sun s h a f t . The l o w speed s h a f t was n o t I n c l u d e d s i n c e i t was n o t p a r t o f t h e measurements. Compliance c a l c u l a t i o n s o f t h e p l a n e t r e a c t i o n bearings and t h e s p l i n e on t h e sun r o l l e r s h a f t were based on formulas appearing i n [ 2 3 , 2 4 ] , r e s p e c t i v e l y . The p l a n e t b e a r i n g posts and sun r o l l e r s h a f t were i d e a l i z e d and t r e a t e d w i t h a standard s t r e n g t h o f m a t e r i a l s approach. In a n a l y z i n g t h e I n d
i v i d u a l c o n t a c t s and o t h e r components i n t h e d r i v e , i t should be noted t h a t t h e i r i n d i v i d u a l s t i f f n e s s values must be multiplied by t h e speed r a t i o between t h e component and t h e low speed s h a f t squared i n o r d e r t o o b t a i n t h e e f f e c t i v e s t i f f n e s s a t t h e l o w speed s h a f t .
This w e l l known e f f e c t f o r d r i v e systems I s due t o t h e f a c t t h a t t o r q u e i s 
c e n t of maxjmum. A maximum a v a i la b l e t r a c t i o n c o e f f i c i e n t p = 0.2 was assumed f o r a l l t r a c t i o n c o n t a c t s . D r i v e s t i f f n e s s was found t o be i n s e n s l t i v e t o moderate v a r i a t i o n s o f p ( s e e F i g . 1 0 ) . For t h e t h r e e d i f f e r e n t c o n t a c t s , t h e v a l u e o f Fx/pN ranged f r o m 0 . 1 5 t o 0.17. When t h e s t i f f n e s s e s a r e expressed as e q u i v a l e n t s a t t h e o u t p u t s h a f t , t h e components can be t r e a t e d as t o r s i o n a l s p r i n g s I n s e r i e s . The t o t a l s t i f f n e s s then i s g i v e n by 
I t i s i m p o r t a n t t o p o l n t o u t , t h a t t h e cornp l i a n c e o f t h e t r a c t i o n r o l l e r s themselves account f o r o n l y 2.3 p e r c e n t o f t h e t o t a l compliance o f t h i s t r a c t i o n d r i v e . The sun s h a f t and t h e p l a n e t b e a r l n g p o s t s were t h e most t o r s i o n a l l y s o f t elements.
Comparison o f c a l c u l a t e d and e x p e r i m e n t a l values r e v e a l s an underestimat i o n o f t h e d r i v e ' s measured t o r s i o n a l compliance by about 4 4 p e r c e n t . The a u t h o r s expect t h e major p o r t i o n o f e r r o r t o l i e i n s i m p l i f y i n g assumptions made about t h e geometry of t h e sun s h a f t and b e a r i n g p o s t s s l n c e these components l a r g e l y d i c t a t e d r i v e compllance.
Comparison t o Gear Set
Using t h e s t i f f n e s s a n a l y s i s developed h e r e i n , t h e s t i f f n e s s o f a r o l l e r p a i r was c a l c u l a t e d and compared t o two spur gear p a i r s . The gear p a i r s used were f r o m t h e NASA spur gear t e s t r i g l o c a l H e r t z i a n normal compliance, t o o t h beam bending, undercut and f i l l e t These methods t a k e i n t o account t h e bending and shear, and f o u n d a t i o n f l e x i b i l i t y . a l s o shown i n Table 11 .
The c a l c u l a t e d s t i f f n e s s e s a r e A s a cornparison, r o l l e r p a i r s of comparable s i z e were chosen t o c a r r y t h e same t a n g e n t i a l load. The dimensions o f t h e r o l l e r p a i r s a r e g i v e n i n Table   11 . The r e s u l t i n g t o r s i o n a l s t i f f n e s s e s were c a l c u l a t e d from Eq. ( 1 3 ) f o r t h e r o l l e r p a i r s . The r e s u l t s a r e shown i n Table 11 . For these two examples, t h e t r a c t i o n r o l l e r p a i r s exceed t h e corresponding gear p a j r s t i f f n e s s e s by approxi m a t e l y 5 and 2 t i m e s , r e s p e c t i v e l y . N e i t h e r t h e gears nor t h e t r a c t i o n r o l l e r s were o p t i m i z e d f o r b e s t s t i f f n e s s n o r f o r f a t i g u e l i f e , and t h e e f f e c t s o f s u p p o r t b e a r i n g s and s h a f t s were n o t considered. The t h e o r e t i c a l f a t i g u e l i f e o f t h e t r a c t i o n r o l l e r p a i r s were q u i t e s u b s t a n t i a l , b e i n g a p p r o x i m a t e l y 97 000 and 40 700 hours r e s p e c t i v e l y a t 1800 rpm a c c o r d i n g t o t h e methods of [ 2 9 ] .
The r e s u l t s o f t h e comparison i n d i c a t e t h a t c o m p a r a t i v e l y s i z e d t r a c t i o n
r o l l e r s can be s t i f f r e l a t i v e t o gear s e t s .
SUMMARY OF RESULTS
T a n g e n t l a l compliance t h e o r y o f two c o n t a c t i n g bodies was a p p l i e d t o t h e case o f n o n l u b r l c a t e d t r a c t i o n r o l l e r s . The c o n v e n t i o n a l assumptions f o r H e r t z i a n c o n t a c t were employed. An approximate t e c h n i q u e f o r i n c l u d i n g s t a t i c and r o l l i n g t o r s i o n a l d e f l e c t i o n s and compliances was developed. The e f f e c t s of t a n g e n t i a l f o r c e , normal load, e l l i p t i c i t y r a t i o , t r a c t i o n c o e f f i c i e n t and s i z e on c o n t a c t s t i f f n e s s were examlned. T r a c t i o n c o n t a c t h y s t e r e s i s e f f e c t s were a l s o discussed. A t o r s i o n a l compliance a n a l y s i s o f a complete t r a c t i o n d r i v e system was performed and compared t o measurements.
performed o f t h e s t i f f n e s s of spur gears and e q u i v a l e n t l y s i z e d and loaded t r a c t i o n d r i v e r o l l e r s .
A comparison was a l s o
The f o l l o w i n g r e s u l t s were obtained:
( 1 ) Traction drive contacts have relatively hlgh torsional stlffness.
In the two cases examined, equivalently sized and loaded traction rollers were approximately 2 and 5 times stiffer than comparable gear sets. 
